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CompositesAbstract Automated tape placement is an important automated process used for fabrication of
large composite structures in aeronautical industry. The carbon ﬁber composite parts realized with
this process tend to replace the aluminum parts produced by high-speed machining. It is difﬁcult to
determine the appropriate width of the composite tape in automated tape placement. Wrinkling will
appear in the tape if it does not suit for the mould surface. Thus, this paper deals with establishing
placement suitability criteria of the composite tape for the mould surface. With the assumptions for
ideal mapping and by applying some principles and theorems of differential geometry, the centerline
trajectory of the composite tape is identiﬁed to follow the geodesic. The placement suitability of the
composite tape is examined on three different types of non-developable mould surfaces and four
criteria are derived. The developed criteria have been used to test the deposition process over several
mould surfaces and the appropriate width for each mould surface is obtained by referring to these
criteria.
ª 2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Fiber reinforced composites offer many advantages over tradi-
tional structural material. Some advantages include high
strength-to-weight ratio and stiffness-to-weight ratio. New air-
craft programs, such as the Boeing 787 and Airbus A350XWB,contain more than 50% by weight of advanced composite
components.1 The traditional methods of producing composite
components involve manual lay-up and tape-laying.2
These processes are expensive and slow, with high-material
scrap rate and low repeatability. Automated tape placement
(ATP) provides an alternative way to replace manual lay-up
in the production of open-structure composite components.
ATP utilizes a composite tape lay-up end-effector mounted
on a large robotic manipulator. The end-effector is moved over
the surface of the mould in direct contact, laying a continuous
unidirectional composite tape.3 The tape is designed for
thermoset4,5 (where a post lay-up autoclave is required) and
for thermoplastic composite6 (where autoclave is not
required).
Fig. 1 Composite tape is applied to mould surface by a rubber
roller.
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acceptable mould shapes. ATP is generally used to produce sur-
faces for which curvature radii are superior to 10 m in the direc-
tions normal to the laying direction. If the Gaussian curvature
presents too large variation, then a local tape wrinkling can
appear.7 Tape wrinkling is highly undesirable because it results
in a weakened part.5 For a non-developable mould surface, as
the width of the tape is reduced, the amount of wrinkling
decreases. However, this is at the expense of production rate.
Typically, the width of the composite tape used in ATP is 75,
150, 300 mm. It is difﬁcult to determine the appropriate width
of composite tape for an arbitrary non-developable mould sur-
face so that both of the amounts ofwrinkling and the production
rate are in acceptable range. Studying the inﬂuence of tapewidth
and geometry characteristics of mould surface on the wrinkling
in composite tape will help solving the above dilemma.
The centerline of composite tape generally follows natural
paths, as deﬁned by mathematical geodesics.8 The importance
of geodesics is well recognized by ATP industry. The identiﬁ-
cation of geodesics across the various surfaces of the airplanes
structure would improve the performance of the composite
tape as well as save weight and material.9 Geodesics also allow
minimizing steering of the tape.7 In the academic ﬁeld,
China10–15 and scholars from other countries16–19 generally
compute tape (ﬁber) paths on the mould surface. An important
ﬁeld of study that has received little attention is modeling the
wrinkling in the composite tape on the mould surface. Xiong
and Wen proposed that there will be no deformation in com-
posite tape if it follows the geodesic.20,21 However, wrinkling
will still emerge in composite tape even if it follows the geode-
sic on non-developable mould surface. Longo et al. dealt with
mathematical modeling and simulation related to the ATP.22
In their work, the centerline of composite tape is identiﬁed
to follow the geodesic so that the deposition error is mini-
mized. Wrinkling in tapes is estimated with respect to the value
of the Gaussian curvature of the surface. However, they did
not consider stretching which may also appear in the compos-
ite tape. Meanwhile, their criterion is not suitable for the
mould surface of negative Gaussian curvature. In our work,
we present some new criteria to determine the placement suit-
ability of composite tapes for mould surfaces. By using these
criteria, the adequate tape width for non-developable mould
surface can be obtained. At the same time, the placement efﬁ-
ciency is also considered.
This paper is organized as follows. In Section 2, the posi-
tion of tape ﬁbers on the mould surface is determined and a
geodesic coordinate is established. In Section 3, the centerline
trajectory of the composite tape is identiﬁed to follow the geo-
desic. In Section 4, the placement suitability of composite tape
is examined on three different types of non-developable mould
surface and four criteria are obtained. In Section 5, the slip-
page of the edge ﬁber with respect to the center ﬁber of
5228/T700 prepreg is obtained through experiments.
Section 6 demonstrates the application of these criteria and
Section 7 makes the conclusion.Fig. 2 Geodesic parallels formed by ﬁber paths.2. Placement of composite tape onto a mould surface
During ATP process, the composite tape is applied to the
mould surface by a rubber roller which is mounted on the
end-effector of automated tape placement machine (see Fig. 1).Placement of the composite tape is in fact to determine the
position of tape ﬁbers on the mould surface. Tam and
Gutowski demonstrated that with the assumptions for ideal
mapping and by applying some principles and theorems of
differential geometry, a convincible conclusion can be drawn
that the ﬁbers are mapped onto the desired surface as a set
of geodesic parallels.23
As illustrated in Fig. 2, ﬁber paths A0, A1, A2 and A3 are
geodesic parallels, while orthogonal curves are geodesics.
In Fig. 2, by using geodesics as u-curve and geodesic
parallels as v-curve, a geodesic coordinate system Pðu; vÞ;
ðu 2 W=2;W=2½ ; v 2 ½0;LÞ can be obtained. Here, W
and L are width and length of the composite tape, respectively.
For this geodesic coordinate system, the ﬁrst fundamental
form of surface can be simpliﬁed as
ds2 ¼ du2 þ Gðu; vÞdv2 u 2 W
2
;
W
2
 
; v 2 ½0;L ð1Þ
where ds is element of the arch length and Gðu; vÞ is the coef-
ﬁcient of the ﬁrst fundamental form in parameterization ðu; vÞ,
deﬁned by Gðu; vÞ ¼ @P
v
 @P
v
. The centerline of the composite
tape is mapped onto the mould surface as u ¼ 0.
3. Optimization of centerline trajectory of composite tape
Wrinkling or stretching may appear in the composite tape
because the length of the trajectory of the tape edge is not
equal to that of the tape centerline, which is L.
Let L0 be the length of the trajectory of one ﬁber
u ¼ l; l 2 0;W=2f g of the tape.
1576 P. Zhang et al.Referring to Eq. (1), L0 can be obtained through the follow-
ing integral equation:
L0 ¼
Z v¼L
v¼0
ds ¼
Z L
0
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Gðl; vÞ
p
dv ð2Þ
When l ! 0, from the Taylor expansion, the value ofﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Gðl; vÞp is obtained:
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Gðl; vÞ
p
¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Gð0; vÞ
p
þ l@
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Gðu; vÞp
@u u¼0
þ l
2
2
@2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Gðu; vÞp
@u2 u¼d
¼ 1þ l@
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Gðu; vÞp
@u u¼0
þ l
2
2
@2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Gðu; vÞp
@u2 u¼d
; ð3Þ
where 0 6 d 6 l.
Referring to the differential geometry,24 the following
equations are obtained:
@
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Gðu; vÞp
@u u¼0
¼ kgu¼0ðvÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Gð0; vÞ
p
¼ kgu¼0ðvÞ ð4Þ
@2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Gðu; vÞp
@u2 u¼d
¼ Kðd; vÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Gðd; vÞ
p
ð5Þ
where kgu¼0ðvÞ is the geodesic curvature of the centerline trajec-
tory at point Pð0; vÞ and Kðd; vÞ is the Gaussian curvature at
point Pðd; vÞ.
Combining Eqs. (3)–(5) with Eq. (2), it follows that
e1 ¼ L0  L ¼ l
Z L
0
kgu¼0ðvÞdv l
2
2
Z L
0
Kðd; vÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Gðd; vÞ
p
dv ð6Þ
where e1 needs to be minimized so that the amount of wrin-
kling or stretching in the neighborhood of the centerline
ðl ! 0Þ is minimized.
For clarity, l
R L
0
kgu¼0ðvÞdv and  l22
R L
0
Kðd; vÞ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃGðd; vÞp dv
are represented as j1 and j2, respectively.
When l ! 0, j2 is negligible compared to j1. Therefore,
minimizing e1 is in fact to minimize j1.
In the neighborhood of the centerline of the composite
tape, j1 is minimized when kgu¼0ðvÞ  0, which means the cen-
terline trajectory of the composite tape follows a geodesic.
4. Placement suitability criteria of composite tape for mould
surface
In this section, the wrinkling or stretching is examined on the
tape edge u ¼ W
2
.
The local tape wrinkling on the tape edge can be repre-
sented as:
e2 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
G
W
2
; v
 s
 1
 !
dv
¼ W
2
kgu¼0ðvÞ W
2
8
Kðu; vÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Gðu; vÞ
p 
dv ð7Þ
where 0 6 u 6W=2 and Kðu; vÞ is the Gaussian curvature at
Pðu; vÞ.
If the composite tape is placed onto a mould surface with
zero local Gaussian curvature, then Kðu; vÞ  0, and Eq. (7)
can be simpliﬁed as
e2 ¼ W
2
kgu¼0ðvÞdv ð8ÞRemark 1. For a mould surface of zero local Gaussian
curvature (developable surface), the amount of local tape
wrinkling can be modeled as being proportional to the product
of the tape width and the local geodesic curvature of the lay-up
tool path.
Remark 2. For a mould surface of zero local Gaussian curva-
ture (developable surface), all the deposition errors vanish
everywhere if the centerline trajectory of the composite tape
follows a geodesic.
In the subsequent part, the deposition errors are examined
in the composite tape when it is placed on non-developable
surface.
Let L W
2
 
be the length of the trajectory of the tape edge.
Referring to Eq. (6), it follows that
e3¼L W
2
 
L¼W
2
Z L
0
kgu¼0ðvÞdvW
2
8
Z L
0
Kðu;vÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Gðu;vÞ
p
dv
ð9Þ
where e3 is the difference between the length of the trajectory
of the tape edge and the length of the centerline trajectory of
the composite tape.
In Section 3, it is obtained that the centerline trajectory of
the composite tape is a geodesic, so kgu¼0ðvÞ  0 and Eq. (9)
can be simpliﬁed as
e3 ¼ W
2
8
Z L
0
Kðu; vÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Gðu; vÞ
p
dv ð10Þ
where e3 can be accommodated by slipping of the ﬁbers with
respect to each other. However, the epoxy resins used in the
manufacture of aircraft components have a high viscosity,
which indicates that the slippage of the ﬁbers cannot be very
large.25 When the slippage of the ﬁbers does not make up e3,
wrinkling or stretching will appear in the composite tape.
Let g denote the slippage of the edge ﬁber with respect to
the center ﬁber. When the type of the composite tape is deter-
mined, the value of g is inﬂuenced by the process parameters
(placement temperature, placement pressure, etc.), the geomet-
ric characteristic of the mould surfaces and the size of the
composite tape. The inﬂuence of the geometric characteristic
of the mould surface is generally ignored as the mould surfaces
used in ATP process are nearly general cylinders, including
nearly ﬂat parts and nearly conventional cylinders.
Therefore, once the type of the tape and the process param-
eters are determined, the value of g is inﬂuenced by W and L
only, which can be represented as
g ¼ Lg1ðWÞ ð11Þ
where g1 is the slippage of the edge ﬁber with respect to the
center ﬁber per unit length.
Wrinkling or stretching will appear in the composite tape
when:
je3j > Lg1ðWÞ ð12Þ
Next, the value of e3 is examined considering that the compos-
ite tape is applied to three different types of mould surfaces.
Situation 1. The composite tape is applied to a mould surface
of positive Gaussian curvature.
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into Eq. (10), then L W=2ð Þ 6 L, which indicates that if the
slippage of the ﬁbers is not considered, wrinkling will appear.
From Eq. (3), it is obtained that
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Gðu; vÞp 6 1. Let Kmax
denote the maximum value of the Gaussian curvature on the
mould surface, then 0 < Kðu; vÞ 6 Kmax.
Referring to Eq. (10), the range of e3 is obtained as
 1
8
KmaxLW
2 6 e3 < 0 ð13Þ
From Eq. (12), to prevent the wrinkling in the composite tape,
e3 must meet the requirement:
e3 P Lg1ðWÞ ð14Þ
Combining Eq. (13) with Eq. (14), it is obvious that no wrin-
kling will appear when the following inequality is satisﬁed:
 1
8
KmaxLW
2 P Lg1ðWÞ ð15ÞRemark 3. For a mould surface of positive Gaussian curva-
ture, no wrinkling will appear when the tape satisﬁes the
following inequality:
W2
g1ðWÞ
6 8
Kmax
ð16Þ
The criterion on the mould surface of positive Gaussian
curvature is a successful criterion. Here, a successful criterion
indicates that no deposition error will appear in the composite
tape if the criterion is satisﬁed.
Situation 2. The composite tape is applied to a mould surface
of negative Gaussian curvature.
On this type of mould surface, Kðu; vÞ < 0. Substituting it
into Eq. (10), then L W=2ð ÞP L, which indicates that if the
slippage of the ﬁbers is not considered, stretching will appear.
From Eq. (3), it is obtained that
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Gðu; vÞp P 1. Let Kmax
and Kmin denote the maximum and minimum value of the
Gaussian curvature on the mould surface, respectively. Then,
Kmin 6 Kðu; vÞ 6 Kmax < 0.
Referring to Eq. (10), the range of e3 is obtained as follows:
e3 P  1
8
KmaxLW
2 > 0 ð17Þ
From Eq. (12), stretching will appear in the composite tape
when e3 meets the following requirement:
e3 > Lg1ðWÞ ð18Þ
Combining Eq. (17) with Eq. (18), it is obvious that stretching
will appear when the following inequality is satisﬁed:
 1
8
KmaxLW
2 > Lg1ðWÞ ð19ÞRemark 4. For a mould surface of negative Gaussian curva-
ture, stretching will appear when the tape satisﬁes the
following inequality:
W2
g1ðWÞ
>  8
Kmax
ð20ÞThe above criterion on the mould surface of negative
Gaussian curvature is a failed criterion. Here, a failed criterion
indicates that deposition error will deﬁnitely appear in the
composite tape if the criterion is satisﬁed.
From Eq. (20), it is obtained when the deposition error will
appear in the composite tape. However, the criterion does not
reveal when the deposition error will vanish. In the subsequent
part, a reference criterion is obtained to determine the ade-
quate width of the composite tape for the mould surface of
negative Gaussian curvature.
The mould surfaces used in ATP process are nearly general
cylinders, so it is considered that
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Gðu; vÞp  1. Referring to
Eq. (10), the range of e3 is obtained as follows:
0 < e3 6  1
8
KminLW
2 ð21Þ
From Eq. (12), to prevent the stretching in the composite tape,
e3 must meet the requirement below:
e3 6 Lg1ðWÞ ð22Þ
Combining Eq. (21) with Eq. (22), it is obvious that no stretch-
ing will appear when the following inequality is satisﬁed:
 1
8
KminLW
2 6 Lg1ðWÞ ð23Þ
However, only on developable mould surface,
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Gðu; mÞp  1.
Therefore, the above inequality can only be used as a reference
to acquire the adequate tape width for the mould surface.
Remark 5. For a mould surface of negative Gaussian curva-
ture, a reference criterion which helps to acquire the adequate
tape width is obtained as
W2
g1ðWÞ
6  8
Kmin
ð24Þ
Situation 3. The composite tape is applied to a complex mould
surface which consists of area of positive Gaussian curvature
and area of negative Gaussian curvature.
Let K1 denote the maximum value of the Gaussian curva-
ture on the area of positive Gaussian curvature. Meanwhile,
let K2 and K3 denote the maximum and minimum values of
the Gaussian curvature on the area of negative Gaussian cur-
vature, respectively.
As mentioned in Situation 1, to prevent wrinkling in the
area of positive Gaussian curvature, the following inequality
is obtained:
W2
g1ðWÞ
6 8
K1
ð25Þ
According to the failed criterion in Situation 2, it is obtained
that stretching will appear in the area of negative Gaussian
curvature when the following inequality is satisﬁed:
W2
g1ðWÞ
>  8
K2
ð26Þ
The reference criterion in Situation 2 enables us to get the ade-
quate tape width as
Fig. 3 Composite tape is curved on a ﬂat surface.
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g1ðWÞ
6  8
K3
ð27Þ
To sum up, the tape width on the complex mould surface
should meet the following requirement:
W2
g1ðWÞ
6 min 8
K1
; 8
K2
; 8
K3
 
¼ min 8
K1
; 8
K3
 
ð28Þ
Remark 6. For a complex mould surface which consists of
area of positive Gaussian curvature and area of negative
Gaussian curvature, a reference criterion which helps to
acquire the adequate tape width is obtained as:
W2
g1ðWÞ
6 min 8
K1
; 8
K3
 
ð29Þ5. Determining the slippage through experiments
In this section, the undetermined variable g of 5228/T700 pre-
preg is obtained through experiments.
The experiments laid composite tapes of three different
widths (75, 150, 300 mm) along curved trajectories on a ﬂat
surface by using an ATP machine (M. Torres Torreslayup).
For each tape, the trajectory curvature was increased until
wrinkling in the tape was detected. During the placement pro-
cess, the lengths of the centerline trajectories of the composite
tapes were ﬁxed as 1500 mm, the placement temperature was
set as 33 C and the roller pressure was set as 500 N. The
experimental results are recorded in Table 1.
As illustrated in Fig. 3, the length of the centerline trajec-
tory is L1 while the length of the trajectory of the tape edge
is L1  W1L12R , whereW1 is the tape width and R is the trajectory
radius.
The value of g1 is determined by the following equation:
g1ðW1Þ ¼
W1
2R0
ð30Þ
where R0 is the critical trajectory radius which means the
wrinkling is going to appear.Table 1 Experimental results for composite tapes of three
different widths.
Tape width (mm) Trajectory radius (mm) Wrinkling
75 62500 No
60000 No
57500 No
55000 No
52500 Yes
150 130000 No
125000 No
120000 No
115000 No
110000 Yes
300 255000 No
250000 No
245000 No
240000 No
235000 YesIt is difﬁcult to get the exact value of g1 as R0 is not easy to
acquire. However, the range of g1 is easily obtained.
According to Table 1, the range of g1 for the composite
tape is obtained as follows:
6:82 104 < g1ð75Þ < 7:14 104
6:52 104 < g1ð150Þ < 6:82 104
6:25 104 < g1ð300Þ < 6:38 104
8><
>: ð31Þ
As can be seen from Table 1, for each tape width, ﬁve
experiments are performed to acquire the range of g1. More
experiments will enable the range of g1 to get closer to its exact
value, which, however, is at the cost of time.
Although the value of slippage is obtained on a ﬂat surface,
it can be extended to mould surfaces on which the Gaussian
curvature is within a certain range, as the inﬂuence of
out-of-plane deformation on the slippage (an in-plane
deformation) is considered to be negligible.
By using Eq. (16) and referring to the upper limit value of
the slippage, the reference range of the Gaussian curvature
which does not need to consider this inﬂuence is given as
below:
For the composite tape of 75 mm width, the Gaussian
curvature should not be larger than 1:00 106 mm2.
For the composite tape of 150 mm width, the Gaussian
curvature should not be larger than 2:50 107 mm2.
For the composite tape of 300 mm width, the Gaussian
curvature should not be larger than 6:25 108 mm2.
6. Application
The criteria developed in the previous section will be applied to
testing the deposition processes over several mould surfaces. In
each deposition process, the 5228/T700 prepreg is used.
Meanwhile, the placement temperature is set as 33 C and
the roller pressure is set as 500 N.
At ﬁrst, a spherical mould surface which is characterized by
its radius R1 is considered. In the subsequent part, we aim to
determine the appropriate width of the composite tape for
the mould surface so that no deposition error will appear.
Meanwhile, if the criteria are satisﬁed, a wider tape will be
acceptable to acquire higher placement efﬁciency.
The Gaussian curvature of the spherical mould surface is
positive everywhere, which is consistent with the Situation 1.
According to the Remark 3, we know that no wrinkling will
appear in the composite tape when:
Table 2 Appropriate width of composite tape for spherical
mould surface.
Mould radius R1 (mm) Tape width W (mm)
R1 < 992.4 Not suitable for ATP process
992.4 6 R1 < 1015.4 Do not recommend to use ATP process
1015.4 6 R1 < 2030.7 75
2030.7 6 R1 < 2076.9 75 is recommended
2076.9 6 R1 < 4199.2 150
4199.2 6 R1 < 4242.6 150 is recommended
R1P 4242.6 300
Fig. 4 CAD model of a real mould surface.
Fig. 5 Gaussian curvature distribution on mould surface.
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g1ðWÞ
6 8R21 ð32Þ
Referring to the range of g1 listed in Eq. (31), the appropriate
width of the composite tape for the mould surface is obtained
in Table 2.Fig. 6 Placement process oAs seen in Table 2, ATP is not suitable for mould surfaces
with small radius. Meanwhile, the wider tapes are more suit-
able for ﬂatter mould surface compared with narrower tapes.
Then, we consider the deposition process over a real mould
surface as illustrated in Fig. 4.
By using CAD software (CATIA V5R17), the Gaussian
curvature distribution on the mould surface is obtained as
illustrated in Fig. 5.
In Fig. 5, the mould surface consists of area of positive
Gaussian curvature and area of negative Gaussian curvature,
which is consistent with Situation 3. Meanwhile, it is obtained
that K1 = 1.24 · 107 mm2 and K3 =  2.21 · 107 mm2.
By substituting K1 and K3 into Eq. (29), the criterion on the
mould surface is obtained as:
W2
g1ðWÞ
6 3:62 107 ð33Þ
Referring to the range of g1 listed in Eq. (31), it is obtained
that:
For the composite tape of 75 mm width:
7:87 106 < W
2
g1ðWÞ
< 8:24 106 ð34Þ
For the composite tape of 150 mm width:
3:30 107 < W
2
g1ðWÞ
< 3:45 107 ð35Þ
For the composite tape of 300 mm width:
1:41 108 < W
2
g1ðWÞ
< 1:44 108 ð36Þ
In summary, the appropriate tape width for the mould sur-
face is 150 mm. In this case, no deposition error will appear in
the composite tape. Meanwhile, the placement efﬁciency is
maintained.
During the actual placement process as illustrated in
Fig. 6(a), the composite tape of 150 mm width is adopted.
As can be seen in Fig. 6(b) and (c), the conformance of thever real mould surface.
Fig. 7 Deposition errors in composite tape of 300 mm width.
1580 P. Zhang et al.composite tape to the mould surface is quite satisfying, and
there is no obvious defect development, such as prepreg pull-
up (due to stretching) and ply wrinkling. The industry applica-
tion demonstrates that the composite tape of 150 mm width is
suitable for the real mould surface.
The composite tape of 300 mm width is also placed onto the
mould surface tentatively. However, some signiﬁcant deposi-
tion errors are detected at the side edge, as illustrated in
Fig. 7. The experimental phenomenon indicates that the com-
posite tape of 300 mm width does not apply to the mould
surface.
7. Conclusions
This paper aims to establish placement suitability criteria of
composite tape for mould surface in automated tape place-
ment. With the assumptions for ideal mapping and by apply-
ing some principles and theorems of differential geometry,
the centerline trajectory of the composite tape is identiﬁed to
follow the geodesic so that the deposition error is minimized
in the neighborhood of the centerline.
For a developable mould surface, all the deposition errors
vanish everywhere if the centerline trajectory of the composite
tape follows a geodesic, while for a non-developable mould
surface, the deposition error is estimated with respect to the
value of the Gaussian curvature of the surface.
To acquire the adequate tape width for a non-developable
mould surface, four criteria are established through derivation.
The criteria reveal that ATP is not suitable to produce the
mould surface with large Gaussian curvature and the wider
tapes are more suitable for ﬂatter mould surface compared
with the narrower tapes.
The developed criteria have been used to test the deposition
process over several mould surfaces. Referring to these criteria,
appropriate tape width for an ideal spherical mould surface is
obtained, which is demonstrated in Table 2. Meanwhile, it is
acquired that the appropriate tape width for a real mould sur-
face is 150 mm.
This paper can help to determine the adequate tape width
for a speciﬁc placement process. In this work, the value of g
is obtained for one type of prepreg (5228/T700) when the
placement temperature is set as 33 C and the roller pressure
is set as 500 N. In future research, quantitative relationship
between the slippage and the process parameters should be
examined. Meanwhile, it is essential to establish a processdatabase which contains the value of g for different types of
prepregs.
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